Introduction
Sucrose is one of the main products of photosynthesis, and is translocated from leaves to the other parts of plants, mostly to sink organs. Sucrose translocation from leaves also occurs in nodules in legume plants, which is indispensable for symbiotic nitrogen fixation. In the infected region of nodules, rhizobia are surrounded by the plant membrane to form symbiosomes in infected cells, which always exist with the uninfected cells to form a mosaic pattern. These two cell types are assumed to play differential roles during symbiosis, for instance to supply carbon and minerals to the bacteroid and to assimilate nitrogen derived from the atmosphere Poole 2013, Xiao et al. 2014) .
Symbiotic nitrogen fixation is a very costly process, i.e. to fix 1 mol of atmospheric nitrogen, 16 mol of ATP are required. To support the energy, a large amount of carbon should be delivered to bacteroids where multiple steps from phloem unloading, transfer into nodules to transfer into bacteroids take place. Thus it is presumed that an effective sugar transport mechanism is involved. Biochemical characterization showed that the uptake of glucose and sucrose occurred in uninfected nodule cells, but not in infected cells of broad bean (Peiter and Schubert 2003) and that dicarboxylates such as malate and succinate are highly permeable in isolated symbiosomes from soybean nodules (Price et al. 1987 , Udvardi et al. 1988 , Udvardi and Day 1997 . These results support the model of carbon supply in which sucrose translocated from leaves is metabolized to dicarboxylates during the transport from nodule phloem to the bacteroids of the infected region of nodules (Takanashi et al. 2012, Udvardi and Poole 2013) .
Breakdown of sucrose in nodules is mediated by sucrose synthases and invertases. In nodules, various reports suggest the importance of sucrose synthases in carbon supply to bacterloids: high expression of sucrose synthases was found in vascular tissues, with alteration in the area of expression during maturation (Kavroulakis et al. 2000) , and the suppression or absence of their expression causes impaired nitrogen fixation (Gordon et al. 1999 , Baier et al. 2007 , Horst et al. 2007 ). Moreover, laser microdissection-associated transcriptomic analysis revealed that genes involved in sugar breakdown such as pyruvate kinase and phosphoenolpyruvate carboxylase are highly expressed in nodules in a tissue type-specific manner (Takanashi et al. 2012) . It is of particular importance to identify transporter proteins involved in the carbon supply in nodules in order to dissect the molecular basis on the legume-Rhizobium symbiosis. SWEET is a recently identified membrane protein family involved in sugar transport which mediates both influx and efflux of sugar molecules . They represent one of the smallest transporter families, and the translocation pore is built from only 6-7 transmembrane-spanning helices (Tao et al. 2015 , Xu et al. 2015 . In plants, SWEETs function in phloem loading (Chen et al. 2012) , sugar translocation during nectar secretion in Eudicots (Lin et al. 2014) , pollen nutrition (Sun et al. 2013) , embryo development in Arabidopsis (Chen et al. 2015b ) and seed filling and domestication in maize and rice . SWEETs also play important roles in plant-microbe interactions via sugar supply, e.g. Xanthomonas transcription activator-like (TAL) effectors were shown to target SWEET transporters to promote the sugar supply in infected cells in rice and cassava (Chen et al. 2010 , Cohn et al. 2014 . The sugar transport nature of SWEETs prompted us to hypothesize that member(s) of SWEET transporters are involved in the export of sucrose in nodules to translocate photosynthates into rhizobia. We report herein the molecular characterization of a Lotus japonicus SWEET transporter, LjSWEET3, which is highly induced by rhizobial infection and expressed predominantly in nodules.
Results

SWEET family in L. japonicus genome
In a BLASTP search using Arabidopsis SWEET proteins as queries in the L. japonicus genome database ver. 2.5 (http:// www.kazusa.or.jp/lotus/), we identified 13 members of the SWEET family in the L. japonicus genome (Fig. 1) . Tissue-specific expression analysis of these SWEET genes was obtained Fig. 1 Phylogenetic analysis of SWEET transporters from L. japonicus and A. thaliana. A phylogenetic tree was generated using MEGA 6.0 software (Tamura et al. 2013) . The amino acid sequences of SWEET transporters were aligned using the MUSCLE program. The maximum likelihood method was then used to construct a phylogenetic tree with 1,000 bootstrap replications. Boot strap values (maxium 100) are shown at nodes generating clades. using L. japonicus plants inoculated either with rhizobia or with arbuscular mycorrhizal fungi, and also plants without inoculation as the control. Among these SWEET genes, only LjSWEET3 was found to be highly expressed in nodules, and also induced in roots inoculated with arbuscular mycorrhizal fungi ( Supplementary Fig. S1 ). LjSWEET12a and LjSWEET12b were mostly expressed in flowers, whereas fainter expression of the former was observed in stems and roots ( Supplementary Fig. S1 ). We further analyzed the expression of LjSWEET3 using real-time quantitative PCR. LjSWEET3 was strongly expressed in nodules, and was induced up to 5-fold under symbiosis with arbuscular mycorrhizal fungi ( Fig. 2A) . The time-course expression analysis of LjSWEET3 upon the rhizobial infection showed that LjSWEET3 was induced in roots 2 d post-inoculation, and an increase in the expression continued during the nodule development until the maturation stage (Fig. 2B ).
Tissue-specific expression of LjSWEET3
To analyze the tissue-specific expression pattern of LjSWEET3, L. japonicus was transformed with Pro LjSWEET1 :GUS, consisting of a 2.0 kb upstream sequence of the LjSWEET3 start site fused with a b-glucuronidase (GUS) reporter gene by both Agrobacterium tumefaciens-mediated and Agrobacterium rhizogenes-mediated transformation methods. Transgenic plants were histochemically stained with 5-bromo-4-chloro-3-indolyl-b-glucuronic acid (X-Gluc). Time-course analysis of GUS expression in roots and nodules showed that LjSWEET3 was expressed in the root and nodule vasculature during nodule development, but was not expressed in mature roots grown in nitrogen-sufficient conditions ( Fig. 3A-E, I ). GUS expression was also observed in stamens (Fig. 3F, G) . Weak GUS expression was also observed in axillary buds, but was not observed in leaves (Fig. 3H) . To observe the tissue specificity of LjSWEET3 expression in more detail, sections were prepared from nodules ( Fig. 3J-M) . GUS expression was observed in the vasculature around the root xylem, while it was not observed in the infected region ( Fig. 3J) . UV irradiation showed the autofluorescence from xylem and vascular endodermis ( Fig. 3K) , as observed in a previous study (Takanashi et al. 2016 ). The GUS staining was observed predominantly in the vasculature around the nodule xylem ( Fig. 3L , M)
Subcellular localization of LjSWEET3
To assess the subcellular localization of LjSWEET3, LjSWEET3:GFP (green fluorescent protein) was expressed in Nicotiana benthamiana leaves via infiltration with agrobacteria. Confocal images of Agrobacterium-infiltrated N. benthamiana leaves demonstrated localization at the plasma membrane (Fig. 4A ). Protoplasts were prepared from the infiltrated leaves for observation with a fluorescent microscope. FM4-64 as a control dye was added to the protoplasts 10 min prior to the microscopic observation, in which red fluorescence of FM4-64 was retained at the plasma membrane yielding red fluorescence. SWEET3-GFP fluorescence was observed at the plasma membrane, whereas control GFP was detected in the cytosol (Fig. 4B) . In these micrographs, chloroplasts showing red autofluorescence are observed in the cytosol region, and the central vacuole that is clearly separate from the plasma membrane does not reveal GFP fluorescence. A plasma membrane localization of LjSWEET3 was also supported by experiments performed in another plant species, Coptis japonica ( Supplementary Fig. S2 ). These results strongly suggest that LjSWEET3 localizes at the plasma membrane of plant cells.
Sucrose transport mediated by LjSWEET3
To characterize the transport activity of LjSWEET3, LjSWEET3 was co-expressed with a Förster resonance energy transfer (FRET) sensor for sucrose, FLIPsuc90mÁ1 V, in HEK293T cells. HEK293T/ FLIPsuc90mÁ1 V cells were perfused with medium, followed by a pulse of 10 mM sucrose. Individual cells were analyzed by quantitative ratio imaging of CFP (cyan fluorescent protein) and Venus emission. LjSWEET3 showed moderate sucrose influx activity (Fig. 5) . Glucose influx was not observed in HEK293 cells expressing LjSWEET3 and FRET sensor protein for glucose (data not shown). To confirm that LjSWEET3 does not show glucose transport activity, it was expressed in hexose transport-deficient Saccharomyces cerevisiae EBY.VW.4000, and a growth complementation test was performed, where AtSWEET1 that transports glucose was used as positive control (Chen et al. 2010) . Growth complementation was observed for yeast expressing AtSWEET1, but not for yeast expressing LjSWEET3, when they were grown on glucose as a single carbon source ( Supplementary Fig. S3 ). This suggests that LjSWEET3 can transport sucrose but not glucose.
Physiological function of LjSWEET3
We then prepared RNA interference (RNAi) knock-down plants to analyze the physiological function of LjSWEET3. A construct encoding hairpin RNA for LjSWEET3 under the control of the Cauliflower mosaic virus (CaMV) 35S promoter was transferred into L. japonicus hairy roots using A. rhizogenes. We obtained > 50 transgenic hairy roots. Transgenic plants were inoculated with the representative Rhizobium of L. japonicus, Mesorhizobium loti, and the development of nodules on transgenic roots expressing GFP was analyzed at 2 and 3 weeks after inoculation. Significant differences in phenotype between control and RNAi transgenic roots were, however, not observed ( Supplementary Fig. S4A, B) . In order to gain insights into the interaction between nitrogen fixation and carbon supply, stable transgenic plants carrying ProLjSWEET3:GUS were infected simultaneously with M. loti ÁnifH, which has no nitrogen fixation activity, and M. loti carrying DsRED. In the dual infection system, both fully functional nodules with red fluorescent and small nodules infected with ÁnifH mutants were observed in one plant. GUS staining revealed that LjSWEET3 was expressed in the nodule vasculature of both normal and small nodules (Fig. 6) , suggesting that assimilation of nitrogen nutrition from symbiotic nitrogen fixation is not a prerequisite for the carbon supply mediated by LjSWEET3.
Discussion
Sugars are essential carbon sources in plants and animals, as well as in microorganisms. In the context of nutrient acquirement, uptake transporters for sugar molecules have been characterized in detail (Reuscher et al. 2014 , Chen et al. 2015a ). In contrast, little is known about the sugar efflux transporters, which appears to be disadvantageous for many organisms, while sugar efflux is a rather well-known phenomenon in plants, such as carbon supply to symbiotic microbes and the root exudation to the rhizosphere Yazaki 2012, Haichar et al. 2016 the way toward the molecular characterization of sugar efflux in plants. In this study, LjSWEET3, a clade I type SWEET transporter, was identified as being the only gene preferentially expressed in nodules in a model legume, L. japonicus. LjSWEET3 transports sucrose, but not glucose, being the first SWEET outside of clade III mediating sucrose transport in HEK293 cells. Detailed expression analysis of LjSWEET3 revealed that this gene was induced upon infection by rhizobia as well as arbuscular mycorrhizal fungi. Histochemical analysis showed the expression of LjSWEET3 in the nodule vasculature. LjSWEET3 was shown to be localized at the plasma membrane, suggesting the role in sucrose efflux from nodule phloem to the infected region.
An attempt to characterize the physiological function of LjSWEET3 has been made using transgenic hairy roots to knock-down the expression of LjSWEET3 by RNAi. Unfortunately, however, we could not observe clear phenotypic differences between control and knock-down roots. This is in line with a very recent report on a SWEET transporter from Medicago truncatula, MtSWEET11 (Kryvoruchko et al. 2016) . MtSWEET11 is a nodule-specific sucrose transporter found in clade III, which contains a nodule-specific gene MtSWEET15c, previously known as nodulin MtN3 (Gamas et al. 1996) (Supplementary Fig. S5 ). As knock-out mutant panels are well organized in M. truncatula, mtsweet11 mutants were analyzed but no symbiotic defects were observed, suggesting that other sucrose transporters compensate its function (Kryvoruchko et al. 2016 ). LjSWEET3 and MtSWEET11 may have common functions in sucrose transport in nodule vasculature, while there is an apparent difference, i.e. LjSWEET3 is not expressed in the infected region but is specifically expressed in the nodule vasculature.
Considering the transport substrate of LjSWEET3 and its unique expression specificity in nodule vasculature, adding to the general transport nature of SWEET mediating the concentration gradient-dependent facilitator, it is predicted that LjSWEET3 is involved in the apoplastic movement of sucrose, which is translocated from the aerial part, surrounding the phloem of nodules. It is reported that such apoplastic transport of organic substances such as citrate in nodule tissues supports the function of symbiotic nitrogen fixation (Takanashi et al. 2013) . Apoplastic transport can be an ineffective transport mechanism compared with symplastic transport, whereas it may be related to the characteristic architecture of vascular tissues in nodules, which are separate from those of higher plants.
The reason why a clear phenotype was not observed in RNAi lines may be due to the importance of sugar supply to bacteroids for legume plants themselves, and the sugar supply is thus managed by multiple routes to secure the carbon source supply to nodules. In fact, a proton symporter, LjSUT4 localized at the tonoplast, is reported to be a sucrose transporter expressed in nodules, while its physiological function is not clarified yet (Flemetakis et al. 2003 , Reinders et al. 2008 . We have recently reported a malate transporter, LjALMT4, expressed in the nodule vasculature (Takanashi et al. 2016) , suggesting that sugar is also metabolized to carbohydrate before being transported to the infected region. Multiple knockout of various transporters involved in carbon supply may address this question in the future. Moreover, induction of LjSWEET3 expression by either mycorrhizl or rhizobial infection may suggest its involvement in the infection efficiency of symbiotic microorganisms, being consistent with the positive correlation of mycorrhizal infection and rhizobial infection (Ossler et al. 2015) . Further functional characterization and localization analysis of proteins involved in carbon supply could shed light on the morphological diversification and functional co-ordination of the dynamic carbon supply in nodules.
Materials and Methods
Plant material and growth conditions
Lotus japonicus plants ( were grown on vermiculite in growth chambers with 100 or 120 mmol m -2 s -1 light in a 17 h light/7 h dark cycle at 23 C. For inoculation of rhizobia, sterilized seeds were sown on vermiculite supplemented with half-strength NF medium (Niwa et al. 2001) . One-week-old seedlings were inoculated with M. loti, which had been cultured in YEM medium for 2 d at 28 C, as described (Sugiyama et al. 2006) . Lotus japonicus was also grown without rhizobial inoculation, but with supplementation of 10 mM KNO 3 as the nitrogen-sufficient condition. For inoculation of arbuscular mycorrhizal fungi, sterilized seeds were sown on a mixture of soil containing 20 g of Akadama soil and 45 g of an autoclaved Kanuma/Ezo/Nippi soil mixture (6 : 2 : 1, by wt.) containing 5,000 spores of Rhizophagus irregularis (Premier Tech Biotechnologies) as described previously (Miyata et al. 2014 ).
Cloning of LjSWEET3 and vector construction
To isolate LjSWEET3 cDNA, the primers 5 0 -CACCATGGCAGAACACTTTCGTA TGGT-3 0 (forward) and 5 0 -CTACATGGTCATATTTTTGGAGTTG-3 0 (reverse with stop codon) or 5 0 -CATGGTCATATTTTTGGAGTTGA-3 0 (reverse, without stop codon), were used to amplify cDNA using KOD plus DNA polymerase (TOYOBO). The PCR product was subcloned into the pENTR/D-TOPO vector (Invitrogen), and subsequently into pGWB5 or pDR-196, using LR Clonase. For RNAi constructs, the primers 5 0 -GGGGACAAGTTTGTACAAAAAAGCAGGCT TCGGCTTTTAACTTCCCTGA-3 0 (forward) and 5 0 -GGGGACCACTTTGTACAA GAAAGCTGGGTCCCCTTTTTCCAAGTCCAAT-3 0 (reverse) were used in PCRs with Phusion High-Fidelity DNA Polymerase (Fynnzymes). The amplified fragment was cloned into pDONR/Zeo (Invitrogen) using BP Clonase (Invitrogen), and subsequently into pUB-GWS-GFP (Maekawa et al. 2008 ) using LR Clonase.
Transformation of L. japonicus
Agrobacterium tumefaciens-mediated hypocotyl transformation of L. japonicus was performed as described (Sugiyama et al. 2015) . Hairy root transformation with A. rhizogenes LBA 1334 was performed as described (Kumagai and Kouchi 2003) . This strain was imported on license from the Ministry of Agriculture, Forestry and Fisheries of Japan.
RNA isolation and real-time quantitative reverse transcription-PCR
Total RNA was isolated with the RNeasy Plant Mini-Kit (Qiagen), according to the manufacturer's instructions. The RNA was reverse transcribed using SuperScript III reverse transcriptase (Invitrogen), followed by incubation with RNase H (Invitrogen). Semi-quantitative PCR was performed in the following conditions: 95 C for 1 min; 30 cycles at 95 C for 15 s, 55 C for 30 s and 72 C for 1 min, using Go Taq DNA Polymarase (Promega) with the sets of primers (Supplementary Table S1 ). Real-time PCRs were performed with the RoterGene 3000A (Corbett Research), using Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen) according to the manufacturers' instructions. Briefly, each PCR mixture consisted of 10 ng of cDNA template, 5 pmol of each primer, 1 ml of fluorescent probe and 12.5 ml of Platinum Quantitative PCR SuperMix-UDG in a total volume of 25 ml. The amplification protocol consisted of an initial denaturation at 95 C for 10 min, followed by 40 cycles of denaturation at 95 C for 15 s, annealing at 55 C for 30 s and extension at 72 C for 30 s. The primer sets consisted of 5 0 -CAGCAAAACAAAAGGTGAAGG-3 0 (forward) and 5 0 -CCA AGCCCACACTACCAACT-3 0 (reverse) for LjSWEET3, and 5 0 -ATGCAGATCTTC GTCAAGACCTTGAC-3 0 (forward) and 5 0 -ACCTCCCCTCAGACGAAGGA-3 0 (reverse) for LjUBQ.
Isolation of promoter region and GUS expression analysis
The promoter sequences of LSWEET3 were isolated by amplification of genomic DNA using PCR primers, 5 0 -CACCACTCGTCAATCGGATTCTGG-3 0 (forward) and 5 0 -CATGTTTAGATGTTTACTCTCTCTAAT-3 0 (reverse), and KOD-Plus DNA polymerase. The PCR product was subcoloned into pENTR/D-TOPO and subsequently into pGWB3 to form Pro LjSWEET3 :GUS. Transgenic Lotus plants were histochemically stained to detect GUS activity, as described (Takanashi et al. 2012 ).
Subcellular localization
The method is described and modified by Bleckmann et al. (2010) . Agrobacterium tumefaciens GV3101 was transformed with the expression clone carrying the LjSWEET3 coding sequence (CDS) C-terminus fused with eGFP under the 35S promoter. Bacterial cultures were grown, precipitated, and dissolved in infiltration buffer (10 mM MES, pH 5.6, 10 mM MgCl 2 and 200 mM acetosyringone) to a cell density of OD 600 approximately 0.5-0.7 for 2 h. Then the mixture was infiltrated with a syringe into the lower surface of N. benthamiana leaves. Plants were incubated for 36-48 h before imaging. eGFP and chloroplast autofluorescence were detected 3 d after infiltration using a Leica TCS SP5 confocal microscope with simultaneous acquisition at 522-572 nm (eGFP) and 667-773 nm (autofluorescence). Epidermal chloroplasts adhere onto the plasma membrane (Dupree et al. 1991) , and were therefore used to discriminate if LjSWEET3-eGFP signal was vacuolar (surrounding the chloroplasts) or from the plasma membrane (adjacent to the chloroplasts, following the cell profile). Image analysis was performed using Fiji software (http://fiji.sc).
LjSWEET3:sGFP under the 35S promoter was introduced into N. benthamiana via the agroinfiltration technique as described previously (Karamat et al. 2014) . Protoplasts were prepared 3 d after infiltration. FM4-64 was added to the protoplast at the final concentration of 50 mM and incubated for 10 min. The GFP fluorescence and the FM4-64 in protoplasts were analyzed with an LSM5Pascal confocal laser scanning microscope (Zeiss). GFP was excited by the 488 nm laser line, and GFP fluorescence was detected by a band-pass 505-515 nm filter. FM4-64 was detected by a 585 nm long-pass filter. LjSWEET3:GUS under the 35S promoter was also introduced into C. japonica as described previously (Dubouzet et al. 2005) .
Transport assay
The LjSWEET3 coding sequence was cloned into vector pcDNA3.2V5 for construct expression in HEK293T cells. The analysis was performed using the FRET sucrose sensor as described (Hou et al. 2011 , Chen et al. 2012 . Briefly, HEK293T cells were co-transfected with a plasmid carrying the LjSWEET3 CDS and the sucrose sensor FLIPsuc90mÁ1V (100 ng) using Lipofectamine2000 (Invitrogen) in 6-well plates. For FRET imaging, HEK293T/FLIPsuc90mÁ1 V cells were perfused with HBSS medium followed by a pulse of 10 mM sucrose. A Leica inverted fluorescence microscope DM IRE2 with Quant EM camera was used for imaging with SlideBook 4.2 (Intelligent Imaging Innovations) with 200 ms exposure and a time interval of 10 s. AtSWEET12 was used as a positive control, while empty vector was transfected serving as a negative control.
Sucrose uptake assays in yeast cells were performed as described previously (Chen et al. 2010 , Chen et al. 2012 ). AtSWEET1 was amplified using the following primers: 5 0 -CACCATGAACATCGCTCACACTA-3 0 and 5 0 -TTAAACTTGAA GGTCTTGCTTTCC-3 0 . The PCR product was subcloned into pENTR/D-TOPO. LjSWEET3 and AtSWEET1 cDNAs were subcloned into pDR196-GW vector. Saccharomyces cerevisiae EBY. VW4000 (hxt13D, hxt15D, hxt16D, hxt14D, hxt12D, hxt9D, hxt11D, hxt10D, hxt8D, hxt514D, hxt2D, hxt367D, gal2D, snf3D, stl1D, agt1D, ydl247wD, yjr160cÁ ) (Wieczorke et al. 1999 ) expressing LjSWEET3 or AtSWEET1 were used for growth assay on SD medium supplemented with glucose as the single carbon source.
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Supplementary data are available at PCP online. 
